Many astrovirus (AstV) species are associated with enteric disease, although extraintestinal manifestations in mammalian and avian hosts have also been described. In this study, the prevalence rates of porcine AstV types 1-5 (PAstV1-PAstV5) were investigated using faecal samples from 509 pigs of which 488 (95.9 %) came from farms with a history of diarrhoea. All of the five known PAstV types were found to circulate in pigs in the USA, and co-infection of a single pig with two or more PAstV types was frequently observed. A high overall prevalence of 64.0 % (326/509) of PAstV RNA-positive samples was detected, with 97.2 % (317/326) of the PAstV RNA-positive pigs infected with PAstV4. Further genomic sequencing and characterization of the selected isolates revealed low sequence identities (49.2-89.0 %) with known PAstV strains, indicating novel types or genotypes of PAstV2, PAstV4 and PAstV5. Some new features of the genomes of the PAstVs were also discovered. The first complete genome of a PAstV3 isolate was obtained and showed identities of 50.5-55.3 % with mink AstV and the novel human AstVs compared with 38.4-42.7 % with other PAstV types. Phylogenetic analysis revealed that PAstV1, PAstV2 and PAstV3 were more closely related to AstVs from humans and other animals than to each other, indicating past cross-species transmission and the zoonotic potential of these PAstVs.
INTRODUCTION
Viruses belonging to the family Astroviridae are spherical, non-enveloped and~28-30 nm in size with a characteristic star-like surface structure (Bosch et al., 2011) . The family Astroviridae is classified into two genera, Avastrovirus and Mamastrovirus, based on the hosts from which they were isolated (Bosch et al., 2011) . Astroviruses (AstVs) have been isolated from faecal samples of a wide variety of mammals and birds (Bidin et al., 2012; Bosch et al., 2011; Chu et al., 2008; Martella et al., 2011; Tse et al., 2011) . In most species, these viruses are associated with gastroenteritis in young individuals. In children, AstVs have been determined to be the second most common cause of gastroenteritis after rotavirus (De Benedictis et al., 2011; Finkbeiner et al., 2009) . Human AstVs can also cause significant disease in the elderly (Lewis et al., 1989) and in immunocompromised patients (Gallimore et al., 2005; Wunderli et al., 2011) . In addition to intestinal manifestations, AstVs have been associated with extraintestinal manifestations, such as fatal hepatitis in ducks (Bosch et al., 2011) , interstitial nephritis and growth retardation in young chickens (Bosch et al., 2011) , and stunting and prehatching mortality in duck and goose embryos (Bidin et al., 2012) . Recently, an AstV was demonstrated to be the causative agent of encephalitis in a 15-year-old boy with agammaglobulinaemia (Quan et al., 2010) , and shaking mink syndrome has also been associated with an AstV (Blomström et al., 2010) .
The genomes of AstVs range in size from 6.4 to 7.7 kb, are polyadenlyated at their 39 end and contain three ORFs designated ORF1a, ORF1b and ORF2 (Bosch et al., 2011) . ORF1a encodes the non-structural polyprotein 1a, whilst the entire ORF1 encodes both a protease and an RNAdependent RNA polymerase, with a ribosomal frame shift at the ORF1a/1b junction (De Benedictis et al., 2011; Jiang et al., 1993) . ORF2 encodes the viral capsid structural polyprotein required for virion formation (Bosch et al., 2011; De Benedictis et al., 2011) .
The first AstVs were identified by electron microscopy in 1975 in Scotland in faecal samples from infants hospitalized with diarrhoea (Madeley & Cosgrove, 1975) . Due to the advent of molecular assays and improved pathogen discovery tools, several novel AstV strains have been discovered since that time. In pigs, the first porcine AstV (PAstV) was identified by electron microscopy in 1980 (Bridger, 1980) and PAstV was isolated in 1990 in Japan (Shimizu et al., 1990) . A recent study indicated PAstV prevalence of 62 % based on analysis of faecal samples from 269 pigs with diarrhoea in the USA (Mor et al., 2012) . Portions of a PAstV genome (capsid gene) were sequenced in 2001 (Jonassen et al., 2001; Wang et al., 2001) , and this PAstV was later classified as PAstV1 because it was the first to be characterized Shan et al., 2011) . PAstV1 has been reported in faecal samples collected in Canada (Luo et al., 2011) , the Czech Republic (Indik et al., 2006) and Colombia (Ulloa & Gutiérrez, 2010) . To date, four more PAstV types (PAstV2-PAstV5) have been identified Luo et al., 2011; Shan et al., 2011) . Among the five types, PAstV1, PAstV2 and PAstV3 were identified in faecal samples from healthy pigs from 20 farms and three slaughterhouses located in the province of Quebec, Canada, between 2005 and 2007 , with a high prevalence of PAstV2 (76/96, 79.0 %) (Luo et al., 2011) . In addition, PAstV5 was identified in faecal samples from slaughtered pigs in Canada during -2009 . PAstV2, PAstV4 and PAstV5 have been identified in faecal samples from a commercial high-density farm in North Carolina in the USA . PAstV2 has also been identified in a farm in Shanghai, China (Lan et al., 2011) , and PAstV4 has been identified in both domestic pigs and wild boars in Hungary (Reuter et al., 2011 (Reuter et al., , 2012 . PAstV4 and PAstV2 were also identified in South Korea (Lee et al., 2012) . However, the association of PAstV with clinical disease remains obscure, as PAstV could be detected in faecal samples of pigs both with diarrhoea and with no signs of clinical symptoms (Indik et al., 2006; Luo et al., 2011; Mor et al., 2012; Reuter et al., 2012; Shan et al., 2011) . Moreover, the observed clinical symptoms reported were often found in association with rotavirus, coronavirus and calicivirus-like infections (De Benedictis et al., 2011) .
Knowledge about the prevalence, clinical significance and molecular characterization of PAstVs is still limited. In the present study, we first investigated the prevalence rates and viral loads of the five PAstV types in 509 faecal samples from pigs of different ages on 255 farms from 19 US states using two novel multiplex TaqMan probe-based real-time RT-PCRs. Secondly, the complete or partial genomes of selected PAstV RNA-positive samples were sequenced and characterized, which revealed novel PAstV strains and new features of the PAstV genome.
RESULTS

High PAstV prevalence in US pigs and infection of individual pigs with multiple PAstV types
PAstVs were revealed to have a high overall prevalence of 64.0 % (326/509) in faecal samples, with the prevalence of PAstV1-PAstV5 ranging from 1.2 to 62.3 % (Table 1) . High rates of co-infection (13.9 %, 71/509) were also observed (Table 1) . Overall, one or more PAstVs were identified in 31.6 % (25/79) of the suckling pigs, in 75.1 % (136/181) of the nursery pigs, in 72.3 % (107/148) of the grow-finish pigs and in 28.6 % (2/7) of the mature pigs. The highest PAstV prevalence was found in nursery pigs, which was significantly (P,0.05) higher compared with suckling and mature pigs but was not significantly different from grow-finish pigs. The absolute viral genomic loads in the PAstV-positive samples were determined and the log 10 -transformed results are summarized in Table 2 .
Among the PAstV types, PAstV4 had the highest overall prevalence of 62.3 %, with prevalence rates of 26.6 % in suckling pigs, 74.0 % in nursery pigs, 72.3 % in grow-finish pigs and 28.6 % in adult pigs (Table 1 ). The highest numbers of genomic copies in individual pigs were 3.56610 6 for PAstV1 (suckling pig), 6.05610 6 for PAstV2 (suckling pig), 3.34610 5 for PAstV3 (suckling pig), 1.80610 9 for PAstV4 (suckling pig) and 5.46610 8 for PAstV5 (nursery pig). In general, higher viral loads in PCR-positive pigs were identified in suckling pigs (PAstV1 and PAstV2) or nursery pigs (PAstV3-PAstV5); however, significant differences were only seen for PAstV4 (Table 2) . Details of the geographical distribution of the five PAstV types are summarized in Table S1 , available in JGV online. All five PAstV types were detected in Iowa and North Carolina, which had the largest sample sizes of 272 and 62, respectively, with no PAstV detection in three states (Colorado, South Dakota and Texas) possibly due to the limited number of samples collected (one to four samples) (Table S1 ). In addition, a number of the PAstV-positive samples were routinely examined for rotavirus (RoV) types A, B and C and transmissible gastroenteritis virus (TGEV) through the Iowa State University Veterinary Diagnostic Laboratory (ISU-VDL) (Table S2 ). In PAstV-positive pigs that were tested for RoV or TGEV, the overall positive rates were 64.8 % for RoV and 31.1 % for TGEV (Table S2) .
Detection of novel PAstV genome sequences and genomic characteristics of PAstVs
Some of the real-time RT-PCR-positive samples were randomly selected for genome sequencing. The entire genomes of PAstV2-IA122, PAstV3-MO123, PAstV4-IL135 and PAstV5-IA122 were 6305, 6430, 6635 and 6480 bp excluding the poly(A) tail, respectively. Partial genome sequences of PAstV4-P2011-1 (2678 bp) and PAstV5-P2011-2 (2490 bp) including the 39 end of the ORF1b gene, the complete capsid gene (ORF2) and the 39-end untranslated regions (UTRs), and three fragments of PAstV1 (183 bp) were also obtained.
All of the four complete genomes obtained possessed a typical AstV organization with the three predicted main ORFs, ORF1a, ORF1b and ORF2, and short 59 and 39 UTRs (Fig. 1a) . Notably, the complete genome sequence of PAstV3-MO123 obtained in the present study is the first whole genome of this type to be sequenced. The same pentamer, CCAAA, was found in the 59 termini of the genomes of the four types (Fig. 1a) , which is similar to the pentamer CCAAG/CCGAA described in other AstV genomes, such as human AstV1 (GenBank accession no. L23513), mouse AstV (JF755422), mink AstV (AY179509), turkey AstV (EU143851) and chicken AstV (NC_003790) but is 1 nt shorter than the sequence TCCAAA in the published genome of PAstV4 (JQ340310), which is the only PAstV genome sequence available in GenBank with a known 59 terminus. However, the function of this conserved motif is still unknown. Moreover, a 'shift heptamer' (AAAAAAC) followed by a stem-loop structure was present near the 39 end of ORF1a in all four genomes, which is a potential signal responsible for inducing ribosomal frame shift during translation to generate the replicase polyprotein ORF1ab (Fig. 1a ) (Lewis et al., 1994) . Three to five transmembrane helices were predicted within the regions near the Nterminal region of ORF1a of the four strains using the TMHMM server version 2.0 (Fig. 1a) . The characteristic YGDD motif within the RNA-dependent RNA polymerase was conserved in the middle of the predicted ORF1b of the four strains (Kamer & Argos, 1984; Poch et al., 1989) . A conserved sequence (UUUGGAGNGGNGGACCNAAN 4-8 AUGNC; start codon underlined) located at the junction of ORF1b and ORF2 (just before the start codon AUG of ORF2) was proposed previously to be a regulatory element serving as a promoter for subgenomic RNA transcription (Mendéz & Arias, 2007) . In the present study, the four complete genomes (PAstV2-IA122, PAstV3-MO123, PAstV4-IL135 and PAstV5-IA122) and the two 39 partial genomes of PAstV4-P2011-1 and PAstV5-P2011-2 showed a similar conserved motif of UUUGG(A/G)GGGG(A/C) GGACCAAAN 8/11 AUGGC (N5A/T/C/G) ( Fig. 1b ) with two differences, GGRG (R5A/G) instead of GGAG and N 8/11 instead of N 4-8 . An insertion of 3 nt was found ahead of the start codon AUG of ORF2 resulting in N 11 (i.e. ATC in PAstV2-IA122 and GCC in PAstV4-IL135 and PAstV4-P2011-1) (Fig. 1b) . The predicted start codon (underlined) of ORF1a of PAstV4-IL135 (GCGATGG) and PAstV5-IA122 (ATTATGG) appeared to have an optimal context for initiation of translation of RNNAUGG (A/G in position 23 and G in position +4), which has been reported to have the strongest positive effects on translation (Kozak, 1991) . However, the context of the start codons of ORF1a of PAstV2-IA122 and PAstV3-MO123 appeared to be less favourable, with motifs of CCCATGC and CCTATGG, respectively. For the start codon of ORF2, PAstV3-MO123, PAstV5-IA122 and PAstV5-P2011-2 appeared to have the optimal Kozak context with the motif of RNNAUGG, whilst PAstV2-IA122, PAstV4-IL135 and PAstV4-P2011-1 appeared to have a less optimal Kozak context (Fig. 1b) .
A stem-loop II-like motif, referred to as s2m and corresponding to a highly conserved RNA structure near the AstV ORF2 stop codon, is suggested to have an important role in viral RNA replication and is conserved in infectious bronchitis virus and equine rhinovirus (Jonassen et al., 1998 (Jonassen et al., , 2001 ). This motif was detected in PAstV3-MO123, PAstV5-IA122 and PAstV5-P2011-2 but not in PAstV2-IA122, PAstV4-IL135 or PAstV4-P2011-1 (Fig. 1c) . The lack of s2m has also been reported in other PAstV2 strains (Luo et al., 2011) , PAstV4 strains (Reuter et al., 2012 (Reuter et al., , 2011 and the human AstV strain MLB-1 (Finkbeiner et al., 2008) . A 3 nt (GGG) insert was found in the region of s2m of PAstV3-MO123 (Fig. 1c) . Interestingly, the ORF2 stop codon of PAstV3 and PAstV1 was located in the middle of s2m, whilst the ORF2 stop codon of PAstV5 was located in front of s2m (Fig. 1a , c).
Further genome sequence comparison revealed that PAstV2-IA122, PAstV4-IL135 and PAstV5-IA122 had identities of 78. 8-85.7, 77.3-88.6 and 96 .7 % with the published genome sequences for PAstV2, PAstV4 and PAstV5, respectively. However, identities between the genomes of different types were low (38.4-46.6 %; Table 3 ), indicating a wide genetic divergence of the PAstV types. PAstV3 showed low identities of 38.4-42.7 % with the other four PAstV types (Table 3) , relatively high identities of 50.5-55.3 % with mink AstV and the newly identified human AstV strains VA1, VA2 and SG, and an identity of 91.8 % with the only known partial genome sequence of PAstV3 strain 16-2 (2931 bp, GenBank accession no. HM756261), indicating the wide genetic difference between PAstV3 and other PAstV types. In addition, the nucleotide and amino acid sequences of ORF2 of strain PAstV4-P2011-1 showed low identities of 57-64.7 and 49.2-55.8 % with the sequences determined in this study and published sequences of type PAstV4 strains, and included many deletions/inserts (data not shown), suggesting that it is a novel PAstV4 subtype; however, efforts to obtain the sequence of its full genome repeatedly failed. The nucleotide and amino acid sequences of ORF2 of strain PAstV5-P2011-5 showed identities of 77.2-85.3 and 80.4-89.0 % with the sequences determined in this study and published sequences of genotype PAstV5 strains, also indicating this strain as a novel genotype of PAstV5. The three short sequences of PAstV1 (183 bp) obtained in this study showed identities of 94-95.6 and 91.8-94.5 % to each other and with other published PAstV1 sequences, respectively (data not shown).
Phylogenetic analysis
For comparison, phylogenetic analyses were carried out with the complete nucleotide and amino acid sequences of ORF2, and the complete/near-complete genome sequences of the PAstVs obtained in the present study and those available in GenBank, together with selected AstV sequences from other species (Fig. 2) . Three evolutionary trees with similar topology were obtained, although there were fewer taxa in the tree based on the whole AstV genomes (Fig. 2c) , because of only a few available complete genomes. Five clades corresponding to the five PAstV types were clearly delineated, with high bootstrap support in all of the trees (Fig. 2 ), similar to those described previously Shan et al., 2011) . In the clade of PAstV2, PAstV2-IA122 clustered with the recently characterized PAstV2 strains 43 and 51 from the USA , slightly more distantly with strain 12-4 from Canada and strain JWH-1 from China (Lan et al., 2011; Luo et al., 2011) and more distantly with strain 14-4 from Canada (Luo et al., 2011) (Fig. 2) . Interestingly, bovine AstV strains B18/HK and B170/HK, and deer AstV strain CcAstV-1 were included in this clade (Fig. 2) . PAstV3-MO123 clustered with the only PAstV3 strain 16-2 described previously in Canada (Luo et al., 2011) and, notably, showed a close relationship with mink AstV, sea lion AstV, sheep AstV and human AstV strains VA1, VA2, SG, A, B and C, and had a slightly more distant relationship with bat AstV and mouse AstV (Fig. 2) , suggesting past cross-species transmission and the same ancestral origin of the viruses. PAstV4-IL135 clustered with PAstV strain 35 , whilst PAstV4-P2011-1 showed a close relationship with strain WBAstV-1 obtained from a wild boar in Hungary (Reuter et al., 2012) , indicating two types within the PAstV4 clade (Fig. 2) . PAstV5-IA122 and PAstV5-P2011-2 clustered with strain 33 reported previously but more distantly with the PAstV5 strain CC12 from Canada , also indicating that there are sublineages within PAstV5. Shimizu et al., 1990) . In the present study, we investigated the prevalence of the different PAstV types in 509 pigs, of which 95.9 % came from 255 farms with a history of diarrhoea located in 19 US states, and found that all five PAstV types are circulating in the USA. We also found the presence of two or more PAstV types in the same pig in 13.9 % of the cases. A high overall prevalence of 63.9 % (325/509) of PAstVs was detected, with 75.1 % positive nursery pigs followed by grow-finish pigs (72.3 %), suckling pigs (31.6 %) and mature pigs (28.6 %). The low prevalence and viral loads in mature pigs may indicate an age-restricting pattern for infection with PAstV; however, further investigations are needed to confirm associations with age, PAstV load and clinical performance.
Remarkably, 97.2 % (317/326) of PAstV-positive pigs were infected with PAstV4, indicating the dominance of PAstV-4, which is supported by a recent study in which 56 sequences obtained from the AstV-positive faecal samples were all confirmed to be PAstV4 (Mor et al., 2012) . Moreover, in this study, besides the high prevalence of PAstV4, relatively low overall positive rates of PAstV1 (6.3 %), PAstV2 (5.5 %), PAstV3 (1.2 %) and PAstV5 (5.3 %) were found, indicating a remarkable diversity of PAstVs co-circulating in pigs in the USA. Notably, the highest prevalence rates of PAstV1, PAstV2 (except for grow-finish pigs where one of seven samples was positive), PAstV4 and PAstV5 were detected in nursery pigs, followed by grow-finish pigs for PAstV1 and PAstV4, and suckling pigs for PAstV2 and PAstV5. The highest prevalence of PAstV3 was found in suckling pigs, with only one additional positive sample identified in nursery pigs. Among pigs with no clinical history of diarrhoea, the prevalence rates were 4.8 % (1/21) for PAstV1, 0 % (0/21) for PAstV2 and PAstV3, 71.4 % (15/21) for PAstV4 and 4.8 % (1/21) for PAstV5. Due to the low numbers of pigs without a clinical history of diarrhoea included in this study, and because the pigs were submitted for other clinical signs and therefore could not be considered to be healthy, statistical analysis between 'diarrhoea' and 'nondiarrhoea' pigs was not attempted.
The high prevalence of PAstV4 in this study, compared with PAstV1 and PAstV2 previously reported in Canada or Japan (Luo et al., 2011; Shimizu et al., 1990) , may indicate a shift of predominant types of PAstV or a different dominant type associated with geographical location. Moreover, as mentioned previously (Luo et al., 2011) , there is a possibility that AstVs might express their pathogenicity in only a small percentage of cases. Further investigations into PAstV epidemiology and the pathogenicity of PAstV from different regions will be necessary to confirm this.
Further genomic sequencing and characterization of selected samples revealed a remarkable genetic heterogeneity of PAstVs, and the low sequence identities (,90 %) may indicate novel genotypes of PAstV2, PAstV4 and PAstV5. PAstV4-P2011-1 and PAstV5-P2011-2 in particular displayed low sequence identities (49.2-89.0 %) to the known sequences. Notably, the complete genome of PAstV3-MO123 represents the first full-genome sequence determined for PAstV3 and showed low similarity to other PAstV types but a relatively high identity to mink AstV and novel human AstVs. According to the species demarcation criteria established by the International Committee on Taxonomy of Viruses (Bosch et al., 2011) , PAstV3 could be classified into the same genogroup as mink AstV and the novel human AstVs, rather than with other PAstVs. The associations of mink AstV with shaking mink syndrome (Blomström et al., 2010) and of the novel human AstVs with encephalitis (Quan et al., 2010) or acute gastroenteritis (Finkbeiner et al., 2009 ) have been reported previously. Interestingly, five of the six PAstV3-positive pigs in this study were infected only with PAstV3, whilst one was co-infected with PAstV1. In addition, only one of these six samples was also positive for RoV and none was positive for TGEV (data not shown), which may suggest that there is an association of PAstV3 with swine diarrhoea in the early growing stage (especially in suckling pigs). However, further investigations are clearly needed.
Whether the conserved pentamer CCAAA, revealed within the 59 termini of genomes of PAstVs, and its counterpart CCAAG/CCGAA in other AstVs, indicates a genetic marker for AstVs from different hosts or perhaps has an important function during virus replication also needs further investigation. The lack of s2m in PAstV2 and PAstV4 raises questions about the biological role of the s2m motif, as it is thought to have an important function in the viral life cycle (Jonassen et al., 1998 (Jonassen et al., , 2001 ); however, it is possible that these strains form other secondary structures similar to s2m within a different region of their 39 end, as proposed previously (Luo et al., 2011) .
Phylogenetic analysis confirmed the classification of PAstV into five types, although with rather large divergence Novel porcine astroviruses in pigs within types PAstV2, PAstV4 and PAstV5. Previous reports based on the identification of PAstV1-PAstV3 found that the lineages of PAstV1 and PAstV3 were more closely related to other animal AstV strains than they were to each other, indicating different ancestral origins of PAstVs and past interspecies transmission involving sheep, mink, cats, humans and perhaps additional yet-to-be-identified hosts, with PAstV2 possibly being restricted to pigs (Luo et al., 2011) . By studying available PAstV1 sequences, it has also been suggested that at least two cross-species transmissions occurred in the evolutionary history of AstVs involving cats, pigs and humans, possibly through as-yet-unidentified intermediate hosts (Lukashov & Goudsmit, 2002) . In the present study, the lineage of PAstV2 was revealed to cluster with bovine AstV and deer AstV, rather than with the other PAstV types, suggesting cross-species transmission of a PAstV2-like virus between swine, cattle and deer. Moreover, the present data suggest that it is possible that the five PAstV types could represent five groups of AstVs from different mammalian hosts within the genus Mamastrovirus: group PAstV1 including canine AstV, California sea lion AstV2, feline AstV, human AstV1-8 and as-yet-unknown AstVs; group PAstV2 including bovine AstV, deer AstV and as-yet-unknown AstVs; group PAstV3 appearing to be the largest lineage, including mink AstV, California sea lion AstV1, ovine AstV, bat AstV1, bottlenose dolphin AstV1, mouse AstV, newly identified human AstVs and as-yet-unknown AstVs; and groups PAstV4 and PAstV5 currently representing AstVs restricted to pigs. AstVs within genogroups PAstV1, PAstV2 and PAstV3 appear to have the same ancestral origin and possible past cross-species transmission, as proposed previously Lukashov & Goudsmit, 2002; Luo et al., 2011; Reuter et al., 2012) .
Taken together, the present work is the first to present an overview of PAstVs in the USA. In particular, the results revealed the existence of all five of the currently known PAstV types, with a high prevalence of PAstV4. Molecular characterization of the complete and partial genomes of the selected PAstV strains revealed high genetic heterogeneity and many new genomic features of PAstVs. Phylogenetic analysis indicated that three of the five PAstV lineages were more closely related to other animal and human AstV strains than they were to each other, reflecting past crossspecies transmission, which suggests the zoonotic potential of these viruses. However, the significance of pigs as a reservoir for AstVs, the importance of co-circulation of PAstVs and the role pigs play in the transmission and recombination of this virus need further investigation.
METHODS
Faecal samples. A total of 509 faecal samples were chosen randomly from routine diagnostic cases submitted during 2011-2012 to the ISU-VDL. Most of the samples (488; 95.9 %) came from pigs with a history of diarrhoea. The remaining 21 samples (4.1 %) were submitted from farms with no history of diarrhoea, but the pigs were suffering from other clinical signs such as respiratory or systemic disease. These samples originated on 255 farms located in 19 US states -Colorado, Iowa, Illinois, Indiana, Michigan, Minnesota, Missouri, North Carolina, North Dakota, Nebraska, Ohio, Oklahoma, Pennsylvania, South Dakota, Texas, Utah, Virginia, Wisconsin and Wyoming -with the age of the pigs ranging from suckling to adult pigs, including some samples from pigs of unknown age (Table 1) . The majority of submissions (53.4 %; 272/509) came from Iowa due to the geographical location of the ISU-VDL.
Sample processing and viral RNA extraction. Faecal samples of 0.4 g were resuspended in 4 ml PBS, vigorously vortexed and centrifuged at 1500 g for 10 min. Viral RNA extraction was carried out on 50 ml faecal supernatant using a 56MagMAX 96 Viral Isolation kit (Ambion) according to the manufacturer's instructions on an automated extraction platform (KingFisher Flex; Thermo Fisher Scientific). The extracted RNA was stored at 280 uC until use.
Development of two multiplex real-time RT-PCR assays for differential detection of PAstV types and validation of the assays. Available nucleotide sequences of the five PAstV types were aligned using CLUSTAL W within DNASTAR (Lasergene 8), and a pair of degenerate primers capable of detecting all five PAstV types was designed based on a conserved region located in the region of ORF1b, which covered a fragment of 183 bp (Table 4) . Five different TaqMan probes specific for each type were also designed (Table 4) . Two multiplex quantitative real-time RT-PCR assays were established: the PAstV1-2 PCR contained probes for detecting PAstV1 and PAstV2, and the PAstV3-4-5 PCR used probes for detecting PAstV3-PAstV5. The real-time RT-PCRs were carried out in 96-well plates, with each reaction consisting of a total volume of 25 ml, containing 12.5 ml TaqMan One-Step RT-PCR Master Mix Reagent (Applied Biosystems), 6 ml RNA, 0.625 ml 406 MultiScribe and RNase Inhibitor, 1 ml each of the two primers (10 mM), 0.5 ml each probe (10 mM) and 2.875 ml for PAstV1-2 (or 2.375 ml for PAstV3-4-5) RNase-free water. Amplification reactions were performed using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems) under universal conditions: 30 min at 50 uC and 10 min at 95 uC, followed by 45 cycles of 15 s at 95 uC and 1 min at 60 uC. A sample was considered negative if no cycle threshold (C T ) was detected during the 45 amplification cycles. PAstV genomic loads (g faecal sample)
21
were calculated by multiplying the individual results from the quantitative real-time RT-PCR by 1667 [50 ml RNA preparation eluted from 50 ml faecal suspension680 (4 ml PBS per 50 ml elution buffer)62.5 (1 g per 0.4 g faeces) per 6 ml PCR input].
As initially there was no positive control available, three positive samples for each PAstV type detected by the newly established realtime RT-PCR assays were chosen for reamplification, and the PCR products were purified with a QIAquick gel extraction kit (Qiagen) and then cloned into the pGEM-T Easy vector (Promega). The recombinant plasmids were transformed into TOP10 Escherichia coli competent cells (Invitrogen) and propagated following the instructions of the cloning kit manual. The plasmids were extracted using a QIAprep Spin Mini-preps kit (Qiagen) according to the manufacturer's instructions, quantified using a spectrophotometer (NanoPhotometer; Implen) and sequenced. The confirmed plasmids were used as standards for the real-time RT-PCR assay to test the sensitivity of the PCR and to quantify the viral loads in the faecal samples. The standard curves and the sensitivity of the real-time RT-PCR were carried out and determined as described previously (Xiao et al., 2012) . Two newly established multiplex PAstV real-time RT-PCR assays were used on tenfold serial dilutions of PAstV plasmid standards. A detection limit of 5 genome equivalents (GEs) occurred around a C T of 37 in the PAstV1-2 multiplex assay, and a detection limit of 10 GEs occurred around a Genome sequencing of PAstVs and phylogenetic analysis. To investigate the molecular characteristics of the PAstVs identified in the present study, some of the positive samples were randomly selected for genome sequencing. The RNA samples were reverse transcribed into cDNA using SuperScript III reverse transcriptase (Invitrogen). The primers used for genome sequencing were designed based on alignment of genomic sequences of the few known PAstVs and those of humans and other animals available in GenBank. 39RACE was carried out to amplify the 39 end of the genome of the selected strains, which used the same forward primer (PAstVD forward) as the real-time RT-PCR assay and a reverse primer based on the reverse transcription primer, covering a fragment of around 2500 bp (Table 4) . 59RACE was performed with the 59-Full RACE Core Set (TaKaRa) according to the kit instructions. The 59-end phosphorylated reverse transcriptase primers and nested primers for 59RACE are listed in Table 5 . The other primers used for the wholegenome sequencing are listed in Table 4 . PCR was performed with high-fidelity LA Taq DNA polymerase (TaKaRa), following the manufacturer's instructions. The PCR products were then purified and cloned as described above. The recombinant plasmids were sequenced and, among them, fragments .1500 bp were sequenced by primer walking.
Sequence editing, assembly and comparisons were performed using DNASTAR software (Lasergene 8) and DNAMAN (Lynnon Corp.) . Alignment of the sequences was carried out using CLUSTAL W within DNASTAR. Phylogenetic analyses were carried out by the maximumlikelihood method with the general time-reversible model for nucleotide sequence and the Poisson correction model for amino acid sequences assuming gamma distribution and invariant sites (G+I) as implemented in MEGA5 (Tamura et al., 2011) . Evolutionary trees were constructed under a bootstrap test of 500 replicates (Tamura et al., 2011) .
Statistical analysis. For data analysis, SAS software version 9.2.0 (SAS Institute) was used. The Shapiro-Wilk test was used to evaluate the normality of the data distribution of the variables examined. Differences in PAstV prevalence rates among age groups were investigated using an overall Fisher's exact test for difference among all groups, followed by a post-hoc pairwise Fisher's exact test with P values adjusted by the Bonferroni method. Viral loads were assessed using analysis of variance (ANOVA). If an ANOVA test was significant (P,0.05), then pairwise tests with Tukey's adjustment were used to assess specific group differences. The results were considered significant at P,0.05. 
